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Background: Secale strictum subsp. africanum, a self-fertile and perennial wild rye species, is endemic to the
Roggeveld Mountains of the south-western Karoo, South Africa. Despite historical abundance on the Roggeveld
plateau, S. strictum subsp. africanum is currently threatened with extinction. Many reasons have been given for
its decline, including susceptibility to rusts.
Methods: Leaves with stem, leaf and stripe rust pustules were sampled from cultivated and naturally occurring
S. strictum subsp. africanum on the farm Kanariesfontein near Sutherland. Identity of the rust pathogens was de-
termined through infection and sequencing studies.
Results: Inoculation studies showed that stem and leaf rust collected from wild rye were avirulent on bread
wheat, but virulent on Secale cereale. The stripe rust specimen was virulent on bread wheat and was identiﬁed
as Puccinia striiformis race 6E16A−. Using ITS sequencing, the wild rye leaf rust specimen was conﬁrmed as
Puccinia recondita, and the stripe rust specimen as P. striiformis. ITS sequences did not distinguish between
Puccinia graminis f. sp. tritici and Puccinia graminis f. sp. secalis, respectively the causal organisms of wheat and
rye stem rust. Inoculation of wild rye plants with P. graminis f. sp. tritici proved its susceptibility to stem rust
races attacking wheat and triticale.
Conclusion: This study established that S. strictum subsp. africanum is a host for both rye andwheat stem rust, rye
leaf rust and wheat stripe rust.© 2014 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
Secale strictum (C. Presl) subsp. africanum (Stapf) K. Hammer
(syn. Secale africanum Stapf) (Fig. 1a) is a self-fertile and perennial
wild rye species occurring in the Roggeveld Mountains of the south-
western Karoo, South Africa. It is the only Secale subspecies endemic to
the southern hemisphere where it occurs in the Hantam–Roggeveld
Centre of Plant Endemism, renowned for its botanical richness (Clark
et al., 2011). The origin of this species, which occurred in abundance at
the time of European colonisation, has been much debated (Van Wyk
and Smith, 2001). The limited morphological differentiation between
South African wild rye and the Mediterranean species S. strictum (syn.
Secale montanum Guss.) may signify a relatively recent long-distance
dispersal event (Van Wyk and Smith, 2001). Although wild rye has
been considered a separate species, molecular evidence conﬁrmed only
threemajor taxawithin the genus Secale. Chikmawati et al. (2005) placed
S. africanum in the S. strictum group and concluded from their AFLP data
that S. africanum is an intraspeciﬁc taxon.rphism; IT, infection type(s); ITS,
itici; Pgs, Puccinia graminis f. sp.
ghts reserved.Despite a historical profusion along river beds andmoist areas in the
Roggeveld, S. strictum subsp. africanum is currently threatened with ex-
tinction. At present it occurs naturally only in small patches on the farm
Kanariesfontein near Sutherland where it is also cultivated to a limited
extent for livestock grazing (Clark et al., 2011). The Hantam–Roggeveld
region is a transition zone between the Succulent-Karoo, Nama-Karoo
and Fynbos biomes (Clark et al., 2011) whilst the vegetation types on
Kanariesfontein include Roggeveld Shale Renosterveld and Tanqua
Escarpment Shrubland (Mucina and Rutherford, 2006).
Many reasons have been given for the decline of wild rye in the
Roggeveld region, including susceptibility to rust diseases (Van Wyk
and Smith, 2001), overgrazing and soil erosion (Zacharias, 1990),
thatching, and a reduction in rainfall (Clark et al., 2011). Raimondo
et al. (2008) documentedwild rye as ‘critically endangered’ due to inva-
sive alien species and habitat degradation, a classiﬁcation supported by
the South African Biodiversity Information Facility (http://sibis.sanbi.
org, accessed 7 July 2014).
Stem, leaf and stripe rust of wheat, respectively caused by Puccinia
graminis Pers. f. sp. tritici Erikss. &Henning (Pgt), Puccinia triticina Erikss.
(Pt) and Puccinia striiformisWestend. (Ps), regularly occur on wheat in
South Africa (Pretorius et al., 2007). Although seasonal in distribution
and infection levels, these diseases can cause considerable losses during
rust epidemics. Wheat stem rust has traditionally been the most devas-
tating disease but stripe rust has caused severe losses since its ﬁrst de-
tection in the Western Cape in 1996 (Boshoff et al., 2002a; Pretorius
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Fig. 1. Secale strictum subsp. africanum and its associated rusts. (a) Spikes of S. strictum subsp. africanum; wild rye leaves with sporulating pustules of (b) stem rust, (c) stripe rust and
(d) leaf rust; (e) natural occurrence of wild rye on the farm Kanariesfontein near Sutherland; (f) wild rye leaves inoculated with the Puccinia striiformis isolate collected at Sutherland
(left), race 6E22A+ (centre) and 6E16A− (right); (g) wild rye infected with P. graminis f. sp. tritici race PTKST; and wild rye plants showing stem rust (h) and stripe rust (i) signs and
symptoms following fulﬁlment of Koch's postulates.
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evident (Boshoff et al., 2002b). Wheat rusts are notoriously difﬁcult to
control through resistance breeding due to the occurrence of diverse
and stable variants, called races or pathotypes, each with a unique viru-
lence proﬁle (Knott, 1989; McIntosh et al., 1995).
The aimof this studywas to determinewhich rust pathogens occur on
S. strictum subsp. africanum and thus if wild rye can act as an accessory
host for wheat rusts, contributing to their survival and spread in South
Africa.
2. Materials and methods
2.1. Rust collection and inoculation tests
During visits to Kanariesfontein in Dec 2012 and Feb 2013, leaves
with typical stem (P. graminis) (Fig. 1b) and stripe rust (P. striiformis)
(Fig. 1c) pustules were sampled from cultivated S. strictum subsp.
africanum ﬁelds, and leaves with leaf rust (Puccinia recondita Roberge
ex Desm.) (Fig. 1d) pustules from wild rye on a river bank (Fig. 1e).
Field samples were placed in glassine envelopes and stored at roomtemperature until further use. Within 14 days of collection, uredinio-
spores from the collected pustules of each rust were separately
suspended in light mineral oil and spray-inoculated onto 8-day-old
seedlings of wheat (Triticum aestivum L.) cvs. Morocco and McNair
701 and rye (Secale cereale L.) cv. Pan 233. Following multiplication,
the stripe rust isolate was inoculated onto a set of differential wheat
lines for race identiﬁcation. Composition of the differential set was the
same as described by Boshoff et al. (2002a). All wheat and rye plants
used for seedling rust tests were grown in a sterilized soil-peat moss
mixture in 10-cm diameter pots (four pots per tray) in a greenhouse
at 18–23 °C. Seedlings inoculatedwith leaf and stem rust urediniospores
were kept in a dew chamber at 18–20 °C for 16 h and then transferred to
a greenhouse where they were kept under natural light conditions at
18–23 °C. The stripe rust inoculated seedlings were ﬁrst incubated at
10 °C for 48 h in a dew chamber and then kept at 15–20 °C in a green-
house. From inoculation onwards, 100 ml of an 8 g/l water-soluble
fertiliser (19 N:8.2 P:15.8 K plus micro elements) was added to each
tray twice a week.
Leaves of 2-month-old wild rye plants grown from seed in a green-
house were inoculated with urediniospores of Pgt races PTKST and
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Sutherland. Stems of wild rye plants at the ﬂowering stage were inocu-
latedwith PTKST and the stem rust isolate collected fromwild rye. Race
PTKST is a member of the Ug99 race group (Visser et al., 2011) and has
virulence for Sr31, a stem rust resistance gene originally transferred
from S. cereale to wheat (McIntosh et al., 1995). Wheat stem rust race
BPGSC is virulent for the Sr27, SrKw and SrSatu resistance genes which
occur in triticale (xTriticosecale Wittm.). The ﬁve-letter stem rust race
codes indicate virulence/avirulence proﬁles of the respective isolates
and were allocated according to the North American stem rust nomen-
clature system (Jin et al., 2008). Similarly, stripe rust race codes reﬂect
virulence/avirulence of isolates as characterised by the European/
Australasian differential set and nomenclature scheme (McIntosh
et al., 1995). For controlled infections wild rye plants were grown at
18–23 °C in soil in 1-l capacity plastic pots in a greenhouse. Three
weeks after planting, and twice weekly thereafter, 50ml of the fertiliser
solution described abovewas added per pot. Rust responses on seedlings
and leaves of older wild rye plants were scored according to a 0 to 4 in-
fection type (IT) scale described by McIntosh et al. (1995). Primary leaf
ITs were recorded 14 days after inoculation whereas those on wild rye
plants were scored after 18 days due to slower development of rust in
the more mature leaves. The stem responses were scored 21 days after
inoculation.
Field specimens were submitted to the South African National
Collection of Fungi curated by the ARC-Plant Protection Research Insti-
tute in Pretoria, South Africa under the following accession numbers:
PREM 61046 (Pr collection 1); PREM 61047 (Pr collection 2); PREM
61048 (Pgs collection) and PREM 61049 (Ps collection).
2.2. DNA sequencing of rust isolates
The wild rye rust specimens were identiﬁed through sequence
analysis of the internal transcribed spacer (ITS) region which has been
proposed as a universal DNA barcode marker for fungi (Schoch et al.,
2012). Except for the ITS sequence, no other P. graminis f. sp. secalis
Erikss. & Henning (Pgs) sequences were available on GenBank.
DNA was extracted from infected plant tissue with CTAB (Cubero
et al., 1999). The ITS region was ampliﬁed with the ITS5 (5′-GGAAGT
AAAAGTCGTAACAAGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′)
primer combination (White et al., 1990). Each reaction contained
10 ng genomic DNA, 1.5 μMprimers and a 1× concentration of KapaTaq
ReadyMix (Kapa Biosystems). The ampliﬁcation regime was 94 °C for
1 min and 35 cycles of 94 °C for 30 s, 60 °C for 30 s and 72 °C for
1 min with a ﬁnal extension step of 5 min at 72 °C. After cloning into
pGemT-Easy (Promega), the inserts of ﬁve recombinant plasmids per
amplicon were bi-directionally sequenced with the BigDye® Terminator
v3.1 cycle sequencing kit (Applied Biosystems). After removing the
partial 18S and 28S rRNA regions, consensus sequences were prepared
for each locus which were subsequently deposited on GenBank
under the following accession numbers: KM023328 (Pgs collection 1),
KM023329 (Pgs collection 2), KM023330 (Pgs collection 3), KM023331
(Pr collection) and KM023332 (Ps collection).
Initial species identiﬁcation was done with BLASTN (http://blast.
ncbi.nlm.nih.gov/) against all GenBank entries using the complete
ITS1, 5.8S rRNA and ITS2 regions. A subsequent phylogenetic analysis
was done to conﬁrm the BLAST results. ITS sequences were obtained
from GenBank for Puccinia hordei G.H. Otth (AY187089), Puccinia
triticina (EU014050), P. recondita (Pr; AY956562), Pgt (AF468044), Pgs
(AY874151), P. graminis f. sp. avenae Erikss. & Henning (DQ417391),
Ps (from wheat, GU382673), Ps (from barley, DQ417402), Puccinia
striiformoides M. Abbasi, Hedjar. & M. Scholler (AY956558), Puccinia
pseudostriiformis M. Abbasi, Hedjar. & M. Scholler (AY956560) and
Puccinia coronata Corda (AY956564). The top ﬁve hits obtained during
BLAST analysis of the wild rye rust isolates and used in further investiga-
tions were DQ417423, DQ417426, DQ417425, DQ417421 and DQ417422
(Pr), GU382672, FJ224375, EU014048, DQ417402 and GU382671(Ps), and DQ417387, DQ417378, DQ417382 and DQ417388 (Pgt).
Puccinia melanocephala Syd. & P.Syd. (AJ406070) was chosen as
out-group species.
The ITS sequences were ﬁrst aligned with MUSCLE (Edgar, 2004)
withinMega5.1 (Tamura et al., 2011) and then hand-edited. The heuris-
tic parsimony program PAUP 4.04b10 (Swofford, 2002) was initially
used to compile parsinomous trees through the step-wise addition of
100 replicas using the following settings: 10,000 replicates of random
taxon entry, the Tree-Bisection-Reconnection branch swapping algo-
rithm, MULTREES on and MAXTREES set to 5000. Bootstrap support
for tree nodes (Felsenstein, 1985) was determined through the analysis
of 1000 replicas.
A second phylogenetic analysis based on maximum likelihood was
donewith PHYML v3 (Guindon andGascuel, 2003). The jModelTest ver-
sion 0.0.1 (Posada, 2008) was used to conﬁrm that the TVM+ Gmodel
was appropriate for the data set (Posada, 2003). A 1000 replicate boot-
strap analysis was ﬁnally done to assess the conﬁdence levels of the
branch nodes in the phylogenetic trees.
3. Results
3.1. Host range of rust isolates
Inoculation studies showed that the wild rye stem and leaf rust
specimens were avirulent on seedlings of the wheat cultivars McNair
701 and Morocco (IT 0;) whereas the stripe rust specimen was virulent
onMorocco (IT 4). Seedlings of the rye cultivar Pan 233 showedwithin-
cultivar variation for stem and leaf rust (IT 2 to 4) but were predomi-
nantly susceptible. In contrast, Pan 233 was mostly resistant and
produced IT of ;1cn to 3+ after inoculation with stripe rust from wild
rye. The range of IT on Pan 233was not unexpected due to parental con-
stitution and the open-pollination nature of rye cultivars (Geiger and
Miedaner, 2009).
Based on its pathogenicity towheat and distinctive phenotype of the
differential lines, stripe rust collected from wild rye was identiﬁed as Ps
race 6E16A−. In controlled infections in the greenhouse, 2-month-old
wild rye plants were susceptible to stripe rust race 6E16A− but moder-
ately resistant to 6E22A+ (Fig. 1f). Leaves of 2-month-oldwild rye plants
were susceptible to Pgt races PTKST and BPGSC (Fig. 1g). A moderate re-
sistant tomoderate susceptible response occurred onwild rye stems inoc-
ulated with PTKST. Fulﬁlling Koch's postulates showed that wild rye was
susceptible to the stem and stripe rust samples collected from this host at
Sutherland (Fig. 1h–i). The leaf rust specimen was not inoculated onto
wild rye.
3.2. Identiﬁcation of rust isolates
BLAST analysis identiﬁed the wild rye leaf rust specimen as Pr
[E-value 0.0; 99% (574/580 base pairs) similar to Pr strain HSZ0712; ac-
cession number DQ417426] and the stripe rust isolate as Ps fromwheat
[E-value 0.0; 99% (566/567 base pairs) similar to Ps voucher HSZ1849;
accession number GU382672]. The three stem rust specimenswere ini-
tially identiﬁed as Pgs [E-value 0.0; 99% (583/588, 583/587, 587/590
base pairs respectively) similar to Pgs isolate SC; accession number
AY874151]. However, all three also shared high similarity with
P. graminis [E-value 0.0; 99% (583/588, 582/587, 586/589 base pairs re-
spectively) similar to P. graminis strain HSZ0922 from Elytrigia repens;
accession number DQ417388)] and Pgt [E-value 0.0; 99% (583/588,
582/587, 586/589 base pairs respectively) similar to Pgt strain
HSZ0679 from T. aestivum; accession number DQ417382)].
MaximumParsimony analysis revealed 76parsimonyuninformative
characters, 124 parsimony informative characters, a tree length of 382,
consistency index (CI) of 0.678, retention index (RI) of 0.8753, rescaled
CI of 0.5813, and a homoplasy index (HI) of 0.322.
The phylogenetic analysis conﬁrmed the leaf and stripe rust speci-
mens as Pr and Ps, respectively (Fig. 2, clades A and B). The three stem
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P. melanocephala AJ406070
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Fig. 2. Identiﬁcation of wild rye rust isolates using a Maximum Likelihood analysis of the
ITS gene region according to the TVM + G parameter model. Conﬁdence levels above
75% (1000 replicate bootstrap analysis) are indicated on the tree branch nodes (Maximum
Parsinomy/Maximum Likelihood). Puccinia melanocephala was chosen as the out-group
species and the isolates sequenced in this study are indicated in bold.
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bootstrap support (b75%) within the clade, making the identiﬁcation of
the stem rust isolates inconclusive.
4. Discussion
Although S. strictum subsp. africanum has critically declined in its
occurrence and distribution in the Roggeveld, it may have been an im-
portant accessory host for wheat rusts over many years. These diseases
have been a serious constraint inwheat breeding and production almost
throughout the history of this crop in South Africa (Pretorius et al.,
2007). From an epidemiological perspective it was thus important to
identify the rust pathogens of S. strictum subsp. africanum and to
hypothesise whether this host plays a role in the survival and dissemi-
nation of rusts on bread wheat and other cereals.
Since most wild rye reports from South Africa refer to rusts collec-
tively (Zacharias, 1990; Van Wyk and Smith, 2001; Clark et al., 2011),
the literature does not clarify which rust species occur on S. strictum
subsp. africanum. Only leaf (brown) rust caused by P. recondita hasbeen recorded on wild rye (Doidge, 1927; 1950; Crous et al., 2000). In
addition to a collection from Jakhals Vallei (accession no. 14677)
(Doidge, 1927), two wild rye leaf rust collections were reported from
Sutherland (no. 2536) and Prinshof (no. 32436) (Doidge, 1950), respec-
tively. In the locality index of Doidge (1950) Prinshof is placed in
Pretoria. The location of Jakhals Vallei was given as the former Cape
Province (Doidge, 1927) and is assumed to be the farm Jakhals Valley in
the Sutherland district (http://za/geoview.info/, accessed 4 July 2014).
The two rust specimens from S. strictum subsp. africanum (PREM
14677 and PREM 32436) were originally identiﬁed as Puccinia dispersa
Erikss. & Henning (syn. of P. recondita) (A. Jacobs, personal communica-
tion, 2013).
In the present study we conclude that S. strictum subsp. africanum is
a host for rye and wheat stem rust, rye leaf rust and wheat stripe rust.
Infection studies showed that the stem and leaf rust collections attacked
rye but not wheat. It is thus conceivable that rye leaf and stem rust con-
tributed to the decline of S. strictum subsp. africanum in the Roggeveld
region. Wild rye was nevertheless also susceptible to Pgt races PTKST
and BPGSC and the possibility of this host plant harbouring wheat
attacking stem rust should not be ignored.
Unfortunately the ITS region failed to deﬁnitively identify the stem
rust specimens from wild rye since the ITS sequences of Pgs and Pgt
are too similar to distinguish between these formae speciales (Zambino
and Szabo, 1993). Berlin et al. (2013) encountered a similar problem
even when using the EF1-α gene, and therefore chose the nomination
P. graminis f. sp. tritici/secalis for their collections.
The conﬁrmation of the stripe rust specimen through ITS sequencing
and infection studies as Ps of wheat endorsed the hypothesis that wild
rye can serve as a green bridge for survival of stripe rust inoculum
between wheat growing seasons in the Western Cape. In a south-
westerly direction the shortest distance between Kanariesfontein and
wheat ﬁelds of the northern Swartland is approximately 140 km,
whereas the wheat production region of the Rûens is situated
about 200 km south of the wild rye source. This indicates that
spore dispersal from wild rye to commercial wheat ﬁelds is highly
likely. The 6E16A− race isolated from S. strictum subsp. africanum
is similar to the variant identiﬁed in the Swartland when the disease
was ﬁrst detected in South Africa on wheat in 1996 (Pretorius et al.,
1997) and which has since been frequently recorded (Boshoff et al.,
2002a; Pretorius et al., 2007). The fact that Ps was not known on
wheat before 1996 excludes this rust as part of the systematic demise
of wild rye.
From a climatic point of view the occurrence of Ps in the Roggeveld is
not surprising. Stripe rust is typically conﬁned to cooler climates and
higher altitudes (Wiese, 1987) and the temperature range for uredinio-
spore germination is lower than that for stem and leaf rust. Sutherland
is the coldest town in South Africa with a mean annual temperature of
11.8 °C (Anonymous, 2002). Although rainfall in the Hantam–Roggeveld
Centre of Plant Endemism is erratic and varies between winter and
summer precipitation (average for Sutherland is 266 mm per annum)
(Anonymous, 2002), there is enough moisture for rust infection and
development.
Recently Lei et al. (2013) reported that wheat-S. africanum chromo-
some substitution, addition and translocation lines displayed high levels
of stripe rust resistance in China and that these derivatives could be
used inwheat breeding. The susceptibility of wild rye in South Africa sug-
gests that either there is signiﬁcant variation within S. strictum subsp.
africanum for its response to Ps, or that race 6E16A− has virulence for re-
sistance genes that are effective elsewhere. The fact that wild rye was
moderately resistant to 6E22A+ needs to be conﬁrmed with a wider
array of plants.
Evidence is presented that wild rye can act as a green bridge, partic-
ularly for wheat stripe rust and possibly wheat stem rust. Future wheat
rust surveys should include the wild rye population at Kanariesfontein
to monitor the rust species and to determine if these pathogens are dis-
persed to other wheat production regions.
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